In contrast to the CDC42 homologues of Saccharomyces cerevisiae and Schizosaccharomyces pombe, the WdCDC42 gene in the human pathogenic fungus Wangiella (Exophiala) dermatitidis was found to be nonessential for cell viability. Expression of the constitutively active allele wdcdc42 G14V at 37°C induced nonpolarized growth that led to cell enlargement and multiple nucleation. The swollen cells subsequently converted into planate divided bicellular forms or multiply septated sclerotic bodies in post-log phase, when the G14V-altered protein was diminished. The wdcdc42 G14V mutation also strongly repressed filamentous growth both in the wild-type strain and in the temperature-sensitive hyphal-form mutant Hf1. In contrast, overexpression of the dominant negative alleles wdcdc42 T19N and wdcdc42 D120A had no obvious effect on fungal-cell polarization. These results suggested that WdCdc42p plays a unique regulatory role in cellular morphogenesis in W. dermatitidis. Activation of this protein in response to extracellular or intracellular signals seems to commit its yeast-like cells to a phenotype transition that produces sclerotic bodies while repressing hyphal development.
In Saccharomyces cerevisiae and Schizosaccharomyces pombe, the CDC42 gene is essential for cell viability (15, 27) because it plays crucial roles in the regulation of cell polarity via actin cytoskeleton organization and signal transduction (14) . The biological functions mediated by Cdc42 GTPase have attracted broad interest, although its mechanism of regulating cellular morphogenesis is still largely obscure. Many Cdc42p target proteins have been identified in S. cerevisiae, such as Bem4 (23) , Boi1 (1), Zds1 and Zds2 (2), Bee1 (19) , Bni1 (12) , Gic1 and Gic2 (3, 4) , and Iqg1 (11, 32) , all of which are involved in the regulation of actin cytoskeleton organization. Also, the p21-activated serine/threonine kinase family members Ste20p (24, 35) and Cla4p (8) interact with Cdc42p to regulate gene expression and septin organization in mating, filamentous growth, and yeast cytokinesis. Moreover, Cdc42 homologues and regulators have been studied for several other organisms, including humans. The biological functions for human Cdc42p are similar to those in yeast and involve actin cytoskeleton reorganization (30) , transcriptional activation through the JNK/SAPK signaling pathway (7, 28) , and the induction of cell cycle progression through the G 1 phase (31) . Some of these effects have been implicated in cell transformation (33) , host cell pathogenesis with bacterial cytotoxicity (18) , and human immunodeficiency virus replication (21) .
The dematiaceous (melanized) fungus Wangiella (Exophiala) dermatitidis is one of many causative agents of human phaeohyphomycosis (17) . It is considered a paradigm for studies of this emerging dermatomycosis afflicting humans because of its wide range of clinical manifestations and the increasingly frequent detection of it as a systemic pathogen (25, 26) . It also serves as a model for the study of black fungi because of its well-defined polymorphism (36, 37) and cell wall chemistry (38) . Of particular interest has been the unique transition from blastic to isotropic growth, whereby yeast-like cells convert to enlarged and transversely septated multicellular forms. This mimics the pathogenic process leading to the production of sclerotic bodies in the tissues of patients infected by the dematiaceous fungi that cause chromoblastomycosis (37) . In addition, invasive hyphal growth in W. dermatitidis is also of interest because the CDC42 gene products of S. cerevisiae and Candida albicans have been implicated as a regulator for their filamentous growth (20, 29) . Thus, understanding the mechanism regulating phenotypic conversions in W. dermatitidis provides insights into the pathogenesis of diseases caused not only by this species but also by the many other related dematiaceous fungal pathogens of humans.
In this study, we cloned a W. dermatitidis CDC42 homologue, WdCDC42, and confirmed its conserved GTPase function by complementation of the S. cerevisiae cdc42-1 ts mutation. However, disruption of WdCDC42 did not result in a lethal phenotype in W. dermatitidis and affected cellular morphologies only under certain stress conditions. Therefore, a series of sitespecific mutant alleles of WdCDC42 were generated, which induced dominant lethal phenotypes in S. cerevisiae similar to those reported previously (42) . By a newly established integrative transformation system for gene overexpression in W. dermatitidis (41), the constitutively active allele but not dominant negative alleles was found to induce isotropic cell growth leading to the formation of sclerotic bodies and also to strongly repress hyphal development. The results suggested a new biological function of the Cdc42 homologue in this polymorphic fungal model, in which WdCdc42p negatively regulates cell polarization and coordinates with other factors to differentially control cellular phenotypic transitions.
MATERIALS AND METHODS
Strains and media. Wild-type W. dermatitidis strain 8658 (ATCC 34100; E. dermatitidis CBS 525.76), its temperature-sensitive hyphal mutant Hf1, a parasexually derived diploid (3u2m-428), and an albino strain (ALB303) were routinely cultured in the minimal medium CDN or the complete medium CDY, as described previously (5, 34, 41) . For preparation of transformation-competent cells, W. dermatitidis was grown in the rich medium YPD (22) . Liquid media were used for the growth of yeast-like cells and multicellular forms of W. dermatitidis, whereas the solid CDY agar containing soluble starch instead of glucose as the sole carbon source was used for the stimulation of hyphal growth. For studies of gene expression under the control of the glaA promoter in transformants, glucose in the media was replaced by an equal amount of xylose for maintenance of the transformants or by 1% soluble starch for the phenotypic characterizations. S. cerevisiae strains DJTD2-16A (MATa cdc42-1 ura3 leu2 trp1 his4 gal2), kindly provided by D. Johnson (University of Vermont, Burlington), and INVSc1 (Invitrogen, Carlsbad, Calif.) were grown in YPD or in SD medium, both with standard compositions (22) . The permissive and restrictive temperatures for growth of the S. cerevisiae DJTD2-16A strain and W. dermatitidis Hf1 strain were 25 and 37°C, respectively.
Plasmids and nucleic acid manipulations. Plasmid pRS315 (42) containing an S. cerevisiae CDC42 gene subclone was provided by D. Johnson (University of Vermont). pCB1551 containing a sulfonylurea resistance allele (SUR) of the Magnaporthe grisea ILV1 gene was obtained from the Fungal Genetics Stock Center (University of Kansas Medical Center, Kansas City). For disruption of WdCDC42, two nonoverlapped partial genomic sequences of WdCDC42 flanking SUR were used to produce pYED42-827 (see Fig. 3A ). For overexpression studies, the integrative vector pYEX303 was used, which contains a hygromycin resistance marker, a WdPKS1 fragment of the W. dermatitidis polyketide synthase gene for homologous targeting, and the starch-maltose-inducible glaA promoter, which is also temperature dependent in W. dermatitidis (41) .
The ZAPII cDNA library of W. dermatitidis and its construction by our laboratory were described previously (40) . The mRNA used for construction of the library was isolated from W. dermatitidis wild-type yeast-like cells that were first grown at 25°C for 36 h and then shifted to 37°C for an additional 12 h of incubation. cDNA synthesis was carried out with a ZAPII kit (Stratagene, La Jolla, Calif.).
Site-directed mutagenesis was performed using the Morph plasmid DNA mutagenesis kit (5 Prime33 Prime, Boulder, Colo.) and the WdCDC42 cDNA clone 94AB1 (see Results) as the starting template. The mutagenic oligonucleotides for generating each allele are listed in Table 1 . The derived mutant alleles were amplified by using the Expend high-fidelity PCR system (Boehringer Mannheim) and primers 42Bgl and 42Xba ( Table 1 ). The 680-bp PCR fragments were then digested with BglII and XbaI for subcloning into vector pYES2 (Invitrogen) or pYEX303 to produce the respective plasmids (see Results). Finally, the entire coding region sequence of each WdCDC42 mutant allele (e.g. 14V, 19N, or 120A) was confirmed by DNA sequencing in two directions.
DNA blots were prepared and hybridized with a 32 P-labeled probe of Wd-CDC42 derived by PCR with primers 5Ј42WD and 3Ј42WD (Table 1 ) or a probe of WdPKS1 derived from its 2-kb BglII fragment (41) . The hybridizations were carried out at 42°C in a solution consisting of 50% formamide, 6ϫ SSPE (1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.7]), 7.5ϫ Denhardt's solution, 0.75% sodium dodecyl sulfate, and 200 g of denatured DNA/ml, which followed washes with 1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and finally with 0.1ϫ SSC at 25°C. For Northern blotting, total RNA was isolated from the cells by hot acidic phenol extraction (22) . Hybridization of the RNA blots was carried out under the same conditions as used for Southern blotting.
Immunoblot analysis. Proteins from log-phase yeast cells of W. dermatitidis were obtained by glass bead disruption (22) . After denaturation, the protein samples (ϳ60 g) were separated by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis and were transferred to nitrocellulose membranes. Total protein loading was estimated by staining with 0.2% Ponceau-S (Sigma, St.
Louis, Mo.). WdCdc42p was then detected by using the rabbit anti-yeast CDC42 polyclonal antibody sc-7172 (Santa Cruz Biotechnology, Santa Cruz, Calif.) diluted to 1:500, followed by incubation with a goat anti-rabbit immunoglobulin G-horseradish peroxidase conjugate (Bio-Rad, Richmond, Calif.) diluted to 1:5,000 and finally by reaction with the ECL system (Amersham, Piscataway, N.J.).
Expression in S. cerevisiae. For expression of WdCDC42 and its mutant alleles in S. cerevisiae, the pYES2-derived plasmids were used to transform yeast strains DJTD2-16A and INVSc1 by the alkali cation method (22) . Ura ϩ transformants were recovered from SD medium (lacking uracil) at 25°C. For temperature sensitivity testing, the transformant cells were replica plated onto media containing either 2% glucose or 2% galactose as the sole carbon source and then incubated for 4 days at 25 or 37°C.
Transformation of W. dermatitidis. For disruption of WdCDC42, the linear DNA construct was prepared by digestion of pYED42-827 with ApaI and NsiI (see Fig. 3A ), whereas for expression of WdCDC42 and its mutant alleles, the plasmids were linearized by NarI (41) . Transformation-competent yeast-like cells of W. dermatitidis were prepared from mid-log-phase cultures washed with cold 10% glycerol. Purified plasmid DNA was added to the cell suspensions at a ratio of about 1 g of DNA per 10 7 cells. Electroporation was carried out with a Gene Pulser electroporation system (Bio-Rad) at a setting of 1.45 kV, 25 F, and 200 ⍀. Transformants were grown in YPD medium containing 30 g of hygromycin (Sigma)/ml at 25°C, and albino colonies were selected for further confirmation of plasmid integrations by Southern analysis (see Results).
Photomicroscopy. Photomicroscopy of W. dermatitidis cells was performed as previously described (5). For staining of the cell wall with Calcofluor (Sigma) or staining of nuclei with DAPI (4Ј,6Ј-diamidine-2-phenylindole) (Accurate Chemical, Westbury, N.Y.), fungal cells were fixed for 3 h in 5% formaldehyde and then washed twice with 75% ethanol at room temperature. After staining for 2 min, the samples were repeatedly washed with saline and were finally examined and photographed by using a Zeiss ICM 405 photomicroscope. For documentation of hyphal microcolony growth, cell culture plates were photographed directly with the same photomicroscope immediately after removal from incubation.
Nucleotide sequence accession number. The genomic sequence of the WdCDC42 gene has been given the GenBank accession number AF162788.
RESULTS
Isolation and characterization of WdCDC42. Using a PCRderived 428-bp fragment of the S. cerevisiae CDC42 gene to generate a hybridization probe, we identified two putative CDC42-homologous clones, 94AB1 and 94AB2, by screening a W. dermatitidis cDNA library under low stringency. These clones were confirmed by DNA analysis to contain an identical nucleotide sequence and a deduced amino acid sequence that was 78 to 85% identical to Cdc42p of other organisms (Fig. 1) . Therefore, this cloned gene was designated WdCDC42. Its genomic sequence was subsequently obtained by analysis of PCR amplicons derived from W. dermatitidis genomic DNA, which allowed two introns to be identified in its coding region.
To demonstrate that the cloned WdCDC42 gene is a functional homologue of CDC42, we used the S. cerevisiae cdc42 temperature-sensitive mutant strain DJTD2-16A (15) in crossspecies complementation studies. We also generated a series of point mutations in the WdCDC42 cDNA by site-directed mutagenesis. These mutations conferred specific amino acid replacements in the GTP-binding and hydrolysis domains in the Cdc42 GTPase (9, 40), such as Gly-14 to Val (G14V), Thr-19 to Asn (T19N), and Asp-120 to Ala (D120A) (Fig. 2A) . Our results showed that the transformants expressing wildtype WdCDC42 (but not expressing mutant wdcdc42 G14V , wdcdc42 T19N , or wdcdc42 D120A ) were able to restore the growth of the temperature-sensitive mutant at the restrictive temperature (Fig. 2B) . Furthermore, overexpression of the dominant negative alleles wdcdc42 T19N and wdcdc42 D120A at 25°C in DJTD2-16A resulted in growth retardation and led to terminal phenotypes of enlarged and unbudded yeast cells after prolonged incubation (data not shown). In contrast, the transformant cells overexpressing the constitutively active allele wdcdc42
G14V at 25°C produced a morphologically heterogeneous population in which about 30% of cells had elongated buds or were amorphous (data not shown). These dominant mutational phenotypes were virtually identical to those previously produced by overexpression of S. cerevisiae cdc42 mutant alleles (15) , suggesting that WdCdc42p has in vivo functions identical to those of S. cerevisiae Cdc42p with respect to control of cell polarity.
Disruptions of WdCDC42 in W. dermatitidis. To reveal the wdcdc42 deletion phenotype in W. dermatitidis, gene disruption experiments were carried out initially in the parasexually derived diploid strain 3u2m-428 (5). One diploid transformant containing a single wdcdc42 disruption was verified by Southern analysis (data not shown) and then subjected to methyl benzimidazole-2-yl-carbamate-induced haploidization. To our surprise, five of the segregants, as determined by Southern analysis, contained only the disrupted allele of wdcdc42 but nonetheless grew well at 25°C in the manner of the wild-type haploid, although their cellular morphologies varied (data not shown). Therefore, the essentiality of WdCDC42 in W. dermatitidis was investigated further in the wild-type haploid and in the albino haploid ALB303. The albino haploid was derived previously from the wild-type parental strain by the targeted integration of vector pYEX303 into the genomic locus of the polyketide synthase gene, WdPKS1, which is known to be required for melanin biosynthesis but not for viability, cell growth, or cellular morphological development in W. dermatitidis (41; unpublished data). In each case, a DNA fragment containing SUR and partial WdCDC42 flanking sequences was employed for targeted gene disruptions by replacement (Fig.  3A) . Each of 20 putative disruptants from those two strains was analyzed first by PCR (data not shown) and then by Southern hybridization (Fig. 3B) . The results confirmed that WdCDC42 is a single-copy gene in W. dermatitidis. Two independent transformants in the former group (i.e., Bd42-53 and Bd42-60) and three in the latter group (i.e., Ad42-41, Ad42-58, and Ad42-59) contained only the disrupted allele of wdcdc42.
By Northern analysis, both wild-type W. dermatitidis and an ectopic transformant, Bd42-52 (as a control), showed two transcripts of 1.8 and 1.5 kb when hybridized with a WdCDC42 probe. The expression levels of those transcripts were not obviously affected by stress with either high temperature or low pH (Fig. 4A) . However, in the wdcdc42 mutants, the 1.8-kb transcript, corresponding in size to the cloned cDNA of WdCDC42, was completely eliminated, whereas the 1.5-kb species continued to be expressed (Fig. 4A) . Therefore, the 1.5-kb band was not an alternatively spliced species of the WdCDC42 transcript but possibly encoded another member of the Ras family.
To rule out the possibility that the wdcdc42 disruptants contained residual WdCdc42p, an immunoblot analysis of the wdcdc42 cell lysates was carried out using anti-yeast Cdc42 antibody. The results showed that wild-type W. dermatitidis, the control strain Bd42-52, and wild-type S. cerevisiae produced positive bands at 21 kDa (Fig. 4B) , the expected size of the Cdc42 GTPase homologue. In contrast, none of the wdcdc42 disruptants displayed a 21-kDa band or a truncated form, 4B) , were also sometimes detected, but the signal intensity depended on the wash stringency of blotting. Unlike the 21-kDa band, these bands were all larger than that expected for a Ras-like GTPase, and there were clearly no differences between those from the wild type and those from the disruption mutants of W. dermatitidis in size or intensity. Therefore, these bands were considered to be nonspecific species that crossreacted with the polyclonal antibody.
Microscopic observations showed that the cellular phenotypes of the wdcdc42 null mutant were similar to those of a wild-type strain grown in a neutral CDY broth at both 25 and 37°C, in that they retained a yeast form. However, the mutant cells were notably slimmer than the wild-type control cells (Fig.  5) . Also, about 6% of the mutant cells formed a transverse septum in mother cells that contained at least two nuclei. Moreover, when the phenotypes of the null mutant and the wild-type strain were compared by culture in acidic (pH 2.5) CDY medium to induce yeast-to-multicellular form (sclerotic body) transition, about 21% of the wild-type cells produced the multicellular forms comparable to that previously reported (16) . In contrast, approximately 62% of the null mutant cells converted to less enlarged bicellular forms, suggesting that WdCdc42p might negatively regulate cell polarization.
A constitutively active allele of WdCDC42 induced isotropic growth and sclerotic-body formation. The regulatory effects of WdCDC42 in W. dermatitidis were further investigated by overexpression of the wdcdc42 mutant alleles ( Fig. 2A) in both the wild-type strain and the wdcdc42 null mutant Bd42-60. Transformations of W. dermatitidis with the wdcdc42 alleles under the control of the glaA promoter were achieved by pYEX303-mediated homologous integration at the WdPKS1 gene locus (Fig. 6A ). The transformants with the integrated pYEX303 derivatives at this locus were easily identified by their albino, instead of black, colony phenotypes, as previously described (41) . After confirmation of the targeted integrations in the transformants by Southern blotting (Fig. 6B) , their proteins were also analyzed by immunoblotting of WdCdc42p at different growth stages. The results indicated that the glaA promot- er-controlled expression of WdCdc42p was dramatically increased after 24 h by the shift of cells from 25 to 37°C and that the protein level gradually decreased during post-log phase (Fig. 6C) . Although the same patterns of expression were found among all the transformants, the protein levels from the mutant alleles were generally lower than that from the wildtype allele (Fig. 6C) . Also, in general the transformants derived from the wdcdc42 null strain seemed phenotypically more sensitive to the mutations (Fig. 7) than did those derived from the wild-type background (data not shown).
In CDY-starch liquid medium at 25°C, all transformants in the wdcdc42 null background grew in a yeast form like the wild-type strain, but those carrying the constitutively active allele wdcdc42 G14V often had an unusual, peanut-like shape (data not shown). However, after a shift to 37°C, the wdcdc42 G14V transformants displayed unexpected morphological changes: the yeast-like cells showed decreased bud formation and increased isotropic growth (phase I) in the first day of culture, suggesting that the G14V-altered WdCdc42 protein had induced depolarization of cell wall expansion in this fungus. By early stationary phase (ϳ48 h), approximately 30% of the isotropically enlarged cells had developed a transverse septum to become planate divided forms; by middle or late FIG. 5 . Phenotype of the wdcdc42 null mutant. The cells of the wild-type strain and of a mutant, Bd42-60, were grown in CDY medium at 37°C for 24 h. After fixation with 5% formaldehyde, the samples were stained with Calcofluor or additionally with DAPI. All cells are shown at the same magnification. Note the transverse septum, indicated by arrows, and the presence of a nucleus in each septated cell of the planate forms when also stained with DAPI. Nomarski, Nomarski phase.
FIG. 6. Transformation of the W. dermatitidis cells with WdCDC42 and its mutant alleles. (A) The integrative vector pYEX303-derived plasmids contain
WdCDC42 or a mutant allele under the control of the promoter glaA. Prior to electroporation, the plasmids were linearized by NarI at the sequence of wdpks1 for targeting to the locus of WdPKS1, a gene for the melanin biosynthetic pathway in W. dermatitidis. (B) Southern analysis of the resulting albino transformants. When hybridized with a WdPKS1 probe (upper panel), the DNA digested by BamHI showed a 6-kb WdPKS1 fragment in the wild-type strain (WT), which as expected was replaced by a 17-kb BamHI-digested fragment after integration with a pYEX303-derived plasmid. Also as expected, the melanized ectopic transformant 303-6 retained the 6-kb fragment. The same blot was also hybridized with a WdCDC42 probe (lower panel), which confirmed that the integrated WdCDC42 alleles overlapped the 17-kb hybridization bands, whereas the endogenous WdCDC42 gene corresponded with the 15-kb fragments in BamHI digestions. (C) Immunoblot with antibody sc-7172 of WdCdc42p from transformant cells. Cell were grown in a soluble-starch-containing medium at 25°C and were then shifted to 37°C. The number under each strain is the incubation time in hours.
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on February 21, 2013 by PENN STATE UNIV http://jb.asm.org/ stationary phase (ϳ72 h), some of the swollen cells had also produced the multiple septa characteristic of sclerotic bodies (phase II) (Fig. 7c) . Cell wall and nuclear staining ( Fig. 7g and  k) showed that the transverse septations were only in forms containing multiple nuclei. Notably, the septa were formed when the expression of the G14V-altered protein had diminished (Fig. 6C) . Under the same growth conditions, the transformant cells containing the highly expressed plasmid-borne wild-type WdCDC42 allele (Fig. 6C) induced only a low percentage of phase I phenotypes (Table 2 ). In contrast, expression of the wdcdc42 T19N and wdcdc42 D120A alleles resulted neither in any obvious cell polarity change (Fig. 7d , h, and l; Table 2 ; data not shown) nor in a lethal effect in W. dermatitidis.
The constitutively active allele of WdCDC42 repressed hyphal development. The effect of WdCdc42p activity on hyphal growth in W. dermatitidis was determined on CDY-starch agar at 37°C, because this fungus exhibits the hyphal phenotype more homogeneously on solid media with less-available carbon sources or limited nitrogen (unpublished data). Microscopic observations showed that wdcdc42 null cells initiated apical growth and elongation after 3 h of incubation (data not shown) and then formed hyphal microcolonies within 24 h (Fig. 8a) , suggesting that WdCDC42 was not required for hyphal growth in W. dermatitidis. In contrast, the transformant carrying the constitutively active allele wdcdc42 G14V displayed the nonpolarized cell expansion that resulted in large ovoid or spherical morphologies (Fig. 8c) . However, the cells overexpressing a dominant negative allele (wdcdc42 T19N or wdcdc42 D120A ) produced apically attached buds initially (Fig. 8d) but still formed normal hyphae after prolonged incubation. FIG. 7 . Cellular morphologies of W. dermatitidis overexpressing WdCDC42 or its mutant alleles. The albino transformants were derived from a wdcdc42 null strain (d42) and contained pYEX303 (d42/303), pYEX303-Wt42 (d42/Wt42), pYEX303-14V (d42/14V), or pYEX303-120A (d42/120A). The transformant carrying pYEX303-19N had a phenotype identical to that of the transformants containing pYEX303-120A (data not shown). Before photography, cells were grown in a starch-containing CDY liquid medium for 3 days at 37°C. Cell samples were then fixed with 5% formaldehyde and stained with Calcofluor or DAPI. All cells are shown at the same magnification. Note the transverse septa in the wdcdc42 G14V planate cell and sclerotic body, indicated by arrows. Nomarski, Nomarski phase. b All transformants were derived from the wdcdc42 null strain Bd42-60. CDY was used as the basic growth medium, in which dextrose was replaced with soluble starch. Mid-log-phase cells harvested from a 25°C culture were diluted in a medium prewarmed at 37°C and incubated at this temperature for 3 days.
c The term "sclerotic bodies" refers to an isotropically enlarged cell phenotype that contains multiple nuclei (phase I) and at least one transverse septum (phase II).
Similar phenomena were observed with overexpression of WdCDC42 and its mutant alleles in Hf1, which contained endogenous wild-type WdCDC42 (data not shown). The Hf1 transformants grew normally as yeasts at 25°C, but at the restrictive temperature of 37°C, the transformants were still viable, except for the transformant containing wdcdc42 G14V , which showed growth arrest (Fig. 9A) . Microscopic examinations of the Hf1 cells grown on CDY-starch agar at 37°C confirmed that the wdcdc42 G14V transformants were inhibited in apical polarization and could undergo only a few cycles of cell division before lysis (Fig. 9B, panels i through l) . Although overexpression of wild-type WdCDC42 also induced growth tip enlargement, it did not completely repress apical growth (Fig.  9B , panels e through h). Again, the transformants containing wdcdc42 T19N or wdcdc42 D120A showed no negative effects on cell polarization or elongation in W. dermatitidis under these conditions (Fig. 9B , panels m through p; data for wdcdc42 T19N not shown).
DISCUSSION
The zoopathogenic fungus W. dermatitidis exhibits three distinct vegetative growth modes: blastic, apical, and isotropic, which are primarily associated with growth in the yeast, hyphal, and sclerotic-body morphologies, respectively (13) . Cellular phenotypic conversions in W. dermatitidis are of great interest because they are potentially relevant to the pathogenicity of this agent of human phaeohyphomycosis. In particular, the unique transition of yeast cells to sclerotic-body forms leads to the dramatic enrichment of cell walls with known or suspected virulence factors, such as melanin (6) and chitin (38, 39, 40) . Based on cytological studies of multicellular-body formation, a two-stage process is recognized (5, 13, 36) . Stage I is characterized by the production of greatly enlarged, unbudded unicellular forms having multiple nuclei and thickened cell walls. In stage II, isotropic growth continues and the cells produce one or more transverse septa. Moreover, multicellular bodies proliferate slowly through a fission mode, indicating that this unique phenotype not only is a part of the life cycle of W. dermatitidis but also is a stress-resistant form that perhaps contributes its pathogenicity in chronic infection (36) . In addition, cell cycle mapping and parasexual genetic analysis of two temperature-sensitive mcm/cdc mutations in this fungus provided clues that at least two different genes normally responsible for bud emergence are also involved in multicellularbody formation under stress conditions (5, 34) . We hypothesized that these mutations were possibly in the homologues of CDC24, CDC42, or CDC43 of S. cerevisiae (5, 34) .
In this study, we describe the isolation of WdCDC42 and functional characterization of this gene in W. dermatitidis. By means of DNA sequence comparisons and by expression in S. cerevisiae, we confirmed that this gene is a functional counterpart of yeast CDC42. Subsequent sequencing of the WdCDC42 genes of the previously described mcm/cdc strains documented that neither of mutants Mc2 and Mc3 (5, 34) had a defective WdCDC42 allele. However, of greater significance was our finding that the biological functions of WdCDC42 in W. dermatitidis were unexpectedly different from those of CDC42 in S. cerevisiae and other organisms. First, WdCDC42 was not essential for cell viability like the CDC42 homologues in S. cerevisiae and S. pombe (15, 27) ; our data clearly showed that the WdCDC42 gene disruption resulted in loss of the corresponding gene products in the viable mutants of W. dermatitidis. We suspect that some Ras-or Rho-homologous gene product(s) may take the place of WdCDC42 in the wdcdc42 null mutant, such as a closely related RAC1 homologue that does not exist in S. cerevisiae but has been identified in W. dermatitidis recently (unpublished data). Although several cross-reactive bands that were larger than that of an expected Ras-like GTPase were also detected in the lysates of both the wild-type and the wdcdc42 null mutant cells by immunoblottings with a polyclonal anti-Cdc42 antibody, they were most likely nonspecific signals. However, our data did not exclude the possibility of these unknown factors having a compensatory effect on the wdcdc42 defect in W. dermatitidis.
Second, the change of cellular morphology in the wdcdc42 null mutant was very subtle. Even in this background, overexpression of the dominant negative alleles of wdcdc42 did not bring about the cell depolarization and inhibition of yeast-like bud formation (Fig. 7d and 8d ) that has been observed in S. cerevisiae (42) . In contrast, only expression of the constitutively active allele in W. dermatitidis induced transformant cells to exhibit nonpolarized growth (Fig. 7c) Fig. 7 were grown on a starch-containing CDY agar surface for 24 h at 37°C. The colonies were photographed directly by bright-field microscopy and are all shown at the same magnification. FIG. 9 . Effect of WdCDC42 and its mutant alleles on cell growth and morphological development in strain Hf1. (A) The Hf1 transformants containing pYEX303-derived plasmids were grown on a maltose-containing CDY agar medium for 4 days at 25°C or at 37°C. (B) Cell morphologies of the corresponding Hf1 transformants carrying pYEX303, pYEX303-Wt42, pYEX303-14V, or pYEX303-120A, which were grown on a starch-containing CDY agar surface at 37°C. The inoculum of each strain grown at 25°C is shown in the 0-h photomicrographs. The other photomicrographs were taken at the time indicated at the top. All cells are shown at the same magnification.
that contain only a single nucleus (27) . Moreover, overexpression of the constitutively active allele cdc42Hs G12V in HeLa cells leads to the formation of enlarged multinucleate cells and to cytokinesis arrest (10) . These studies suggest that although Cdc42p is a highly conserved component in the molecular machinery involved in cell polarity control, the underlying mechanism of its contribution to cellular morphogenesis is very diverse in different cell types and organisms.
Third, WdCdc42p appeared to play a unique regulatory role in the coordination of cellular morphological transitions in W. dermatitidis. The wild-type protein cycling between the GTPand GDP-binding states may be required for its normal yeastlike cell division cycle at high temperatures (Fig. 5) and under other stress conditions. When the sustained activation of this GTP protein existed, a signal mimicked by overexpression of the mutant G14V product, the W. dermatitidis cells initiated isotropic growth. This led to the production of sclerotic bodies and simultaneously inhibited hyphal growth ( Fig. 7 and 8 ). Although these phenotypic transitions certainly involve multiple gene regulation phenomena, they are far from fully understood. However, the properties of WdCdc42p elucidated to date seem to provide an important clue to growth mode switching by this Rho-type GTPase in this fungus.
Collectively, our findings revealed that the WdCDC42 gene is a highly conserved member of the CDC42 subfamily. Although it was found to be nonessential for cell viability in W. dermatitidis, the WdCDC42 gene product nonetheless seemed to play an important role in the regulation of stress-induced fungal cellular morphogenesis. As a polymorphic fungus, W. dermatitidis most likely possesses more sophisticated Rho-type GTPase-mediated regulatory pathways than do S. cerevisiae and S. pombe for control of its cell growth and development. We hope that further exploration of these pathways in this pathogen will provide a better understanding of the molecular mechanisms of fungal polymorphism and its contribution to pathogenesis in humans.
